We report a high-momentum and energy resolution angle-resolved photoemission study of superconducting Ba(Fe 1−x Co x ) 2 As 2 . Polarization-dependent measurements performed at low photon energy along high-symmetry directions in the Brillouin zone made it possible to get new insight into the role of the five Fe 3d orbitals in the complex electronic structure of this compound close to the Fermi level, in particular, into the nature of the holelike pockets. Two distinct inner α pockets could be disentangled, suggesting that their origin is probably due to hybridized d xz and d yz . We also show that the complex outer β pocket is mainly of d z 2 nature, with contributions of other orbitals of different symmetry only in specific points of the Brillouin zone, in the proximity of the k z =1 [4π/c] plane. The identification of a d z 2 nature for β contributes to our understanding of the role of electron correlations in 122 pnictide superconductors and of the enhancement of the three-dimensional character of the Fermi surface in Co-doped compounds.
I. INTRODUCTION
The recent discovery of superconductivity in iron pnictide compounds 1,2 has triggered an intense scientific effort to understand the electronic properties of these materials. The reasons for their high critical temperatures (T c ) appear quite different with respect to cuprates, as suggested, for example, by the observation of itinerant magnetism in FeAs-based superconductors. Because of the fact that iron pnictides are multiband systems, their more pronounced three-dimensional character and the role played by electronic correlations are possible keys to explain this difference. 3 Nevertheless, identifying the main physical factors underlying their peculiar behavior is very challenging; in addition, their multiband nature determines a complicated electronic structure close to the Fermi level.
Considering, for instance, the 122 family compounds (doped AFe 2 As 2 , A=Ba, Sr, Ca, Eu), their density of states close to the Fermi level is dominated by the five Fe 3d orbitals, as shown by several theoretical works. [4] [5] [6] [7] [8] [9] The Fermi surface is composed of hole pockets around and electron pockets around X, even though the number of pockets is still controversial. There are at least two hole pockets around , predicted to originate mainly from d yz and d xz degenerate orbitals. A third pocket is sometimes predicted, 6, 8 but no general agreement exists on its orbital character.
The determination of the band orbital character is complicated because the nature of the holelike pockets strongly depends on their position in k z . With the support of density functional theory (DFT) calculations, 10 it was found that, in the k z = 0 [4π/c] plane, the bands come from d xz /d yz and d xy orbitals, while in the k z = 1 [4π/c] plane, they originate from d xz /d yz , d z 2 , and d xy ; it was also proven that the electronic structure details are very sensitive to the crystallographic structure. Taking into account electron correlations can also strongly affect the computed band positions and orbital character, as shown in Ref. 8 , where a Gutzwiller density functional calculation taking into account Hund coupling and Coulomb interactions assigned a d z 2 origin to a third outer band in Ba 0.6 K 0.4 Fe 2 As 2 . Overall, no clear consensus exists on these issues.
From an experimental point of view, angle-resolved photoelectron spectroscopy 11 (ARPES) can provide useful information on this problem, and it has already been employed in several studies on pnictide compounds; experiments performed on the undoped or electron-doped 122-compound Ba(Fe 1−x Co x ) 2 As 2 , 10,12-23 nevertheless, gave conflicting conclusions. Three hole pockets were identified in Refs. 10 24 Overall, many questions are still open concerning the number and the orbital character of inner and outer hole pockets, and the role of electron correlations in the electronic structure of these materials in the proximity of the Fermi surface.
In this paper, we present the results of a low-photon-energy ARPES experiment on Ba(Fe 1−x Co x ) 2 As 2 , which allows us to shine light on these open issues. In particular, we took advantage of an experimental setup providing high-momentum resolution and variable photon polarization to clarify the nature of the 3d orbitals constituting the hole pockets, and to explain how the d z 2 orbitals are instrumental in applying the effects of correlations to the band structure and in determining its three-dimensional character.
II. EXPERIMENTAL
The experiments were performed on Ba(Fe 1−x Co x ) 2 As 2 , x = 0.07 and 0.08, which are both superconducting below T c ∼ = 24 K, and do not exhibit any magnetically ordered phase. 25 Both doping levels gave similar and consistent results as long as the discussion presented in this paper is concerned. Single crystal samples were grown by the self-flux method 25 and fully characterized prior to our measurements. ARPES experiments were performed on the BaDElPh beamline at the Elettra synchrotron light source. 26 Photons from a figure-8 undulator were dispersed by a normal incidence monochromator in the 5-40 eV range. The photon polarization could be varied from linear horizontal to linear vertical by selecting different undulator harmonics. 26 The photoelectrons were detected with a SPECS Phoibos 150 analyzer, with a typical energy resolution of 5 meV, and an angular resolution of 0.1
• . The wave-vector dispersing plane of the hemispherical analyzer was parallel to the photoemission plane (defined by the directions of the incident photons and of the emitted electrons; horizontal in our experimental geometry). Measurements were performed on clean surfaces cleaved in situ under ultrahigh vacuum with pressure better than 5 × 10 −11 mbar. All the results presented here were obtained at T = 14 K. The angle between the incident photons and the emitted electrons was 50
• , and the different emission angles [noted θ in Figs The maximum emission angle used in the discussed data is 17
• , which is needed to observe the outer holelike pocket at hν = 6 eV.
The crystallographic structure of Ba(Fe 1−x Co x ) 2 As 2 is shown in Fig. 1(a) and the Fe 3d orbital's orientation as a function of the crystallographic axes is shown in Fig. 1(b) . Two different conventions are used in the literature to describe the unit cell of iron pnictides; we chose the one corresponding to a reduced Brillouin zone containing two Fe atoms by unit cell, which we used in this paper. In this notation, the x and y axes are directed toward nearest-neighbor iron atoms, along the iron-iron bonds. We performed ARPES measurements with two different sample orientations, placing either of the two high-symmetry directions of the Brillouin zone ( X or M) in the photoemission plane. These two geometries are shown in Figs. 1(c) and 1(d). Furthermore, different k z planes were explored by tuning the photon energy; therefore, the high-symmetry directions quoted hereafter are parallel to X and M but, in general, not lying in the k z = 0[4π/c] plane. For the sake of simplicity, we will nevertheless refer to them as along X and along M for the specific k z under study.
III. ARPES MATRIX ELEMENT CALCULATIONS
Polarization-dependent ARPES measurements can give access to the symmetry of the electronic orbitals. The photoemission matrix element within the three-step model approximation is given by the following equation:
where → E is the photon electric field and |φ k f and |φ k i are the initial and final states of the photoemission process. The values of this matrix element can be calculated as a function of the experimental geometry and photon polarization to obtain the ARPES selection rules, 27 which show that an orbital that is even with respect to the photoemission plane can be detected only with p-polarized photons (p-pol), whereas orbitals that are odd with respect to the photoemission plane will be detected only with s-polarized photons (s-pol); these selection rules are summarized for the iron 3d orbitals in Table I . We hereby use the textbook definition for linear photon polarizations: in p-pol, the photon electric field lies in the scattering plane and, in s-pol, its direction is orthogonal to it, as shown in Figs. 1(c) and 1(d). We will hereafter use the subscripts π and σ to indicate bands measured with p-pol and s-pol photons, respectively.
To interpret our ARPES images (shown in Secs. IV and V), we computed the intensity of the photoemission matrix elements within the dipole approximation 28, 29 on both sides of the Z direction for |k | = 0.18Å −1 , corresponding to the β band position at the Fermi level. We used a free-electron-like final state and hydrogenlike 3d orbitals as initial-state wave functions. Despite the simplicity of this model, we can draw qualitatively interesting conclusions when looking at the sign of the asymmetry, which is defined as the difference in intensity between the band detected at k = 0.18Å −1 and the band at k = −0.18Å −1 . In particular, we considered the three even orbitals potentially observable in p-pol along X; the results as a function of photon energy are shown in Fig. 2 . The experimental asymmetry was found to change as a function of photon energy, and to depend on the considered 3d orbital. Interestingly, we may notice that the d z 2 orbital presents an asymmetry opposed to the other two d x 2 −y 2 and d xz : it is the only one for which the photoemission yield is larger for k > 0 than for k < 0.
IV. ARPES MEASUREMENTS AT hν = 31 eV
The ARPES results for Ba(Fe 1−x Co x ) 2 As 2 , x = 0.07, at a photon energy of 31 eV are presented in Fig. 3 . In agreement with previous ARPES measurements, 10, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] we detect several holelike pockets around the k = 0 direction. In particular, two bands can be observed, called hereafter α and β, the intensities of which depend on the experimental configuration; the only ARPES image showing a single band is s-pol along M.
The band positions and widths are extracted by fitting the momentum dispersion curves (MDCs), as shown in Figs. 3(c) and 3(f), using Gaussian peaks. We assumed that all bands have approximately the same width, so that broader MDC features required multiple Gaussians to be fitted. Even though one single band may appear broader when, for instance, it becomes flat along the measured direction, this is not the case here (see, for example, the almost linear dispersions observed at hν = 31 eV in Fig. 3 ) and we consequently believe that the presence of multiple bands is a reasonable assumption, which (as we shall see) will be corroborated by other results presented later in this paper.
An almost nondispersing spectral feature is visible in Fig. 3 at a binding energy of E − E F = −200 meV in p-pol at k = 0. It is more than twice more intense in p-pol than in s-pol for both orientations; therefore, it has mainly an even character, which indicates a predominant d z 2 origin. This is in agreement with band-structure calculations, 6 even though this band is usually predicted to be more bound (at ≈ −600 meV). However, after renormalization due to the introduction of electronic correlations, bands originating from d z 2 can significantly be shifted upward. 8 The same renormalization, mainly attributed to the on-site interorbital Hund coupling J , which is not negligible in these systems, would also be responsible for a strong enhancement of the d z 2 character in the outer holelike pocket, called here β. The constraints imposed by lattice-symmetry considerations should also be taken into account. These constraints become particularly evident along high-symmetry directions of the Brillouin zone, giving indications on the possibility for orbitals to hybridize. 11 In the case discussed here, one should note that the Z direction conserves the wave-vector space group 4mm, in which the d z 2 orbital is the only one completely symmetric. This rules out any hybridization between d z 2 and other orbitals along Z, which would, for instance, suggest a pure d z 2 nature for the nondispersive feature at E − E F = −200 meV.
The outer β band is observed along X for both polarizations, as well as along M in p-pol. This band has a strong even character, and a small odd component along X. In order to match the selection rules of our photoemission measurements, there are several possibilities: (1) β is
, so that it is even along M; (2) β has a strong d z 2 character, possibly hybridized with other orbitals (d xy or d yz ); and (3) β is formed by d xy and d x 2 −y 2 , combined in such a way that its character changes while rotating in the (x,y) plane. The character of β will be further discussed later.
Concerning the inner bands, α π was measured with p-pol and α σ with s-pol. Their positions are very close, and they are hardly distinguishable at hν = 31 eV. If there was only one inner band α, it could be composed of any combination of all of the Fe 3d orbitals, because its presence in every experimental configuration would imply no particular symmetry; however, 064516-3 as we will see later, our low-photon-energy data indicate that there is a small splitting between two inner bands, each of them having a distinct orbital character. Then, following the ARPES selection rules of along M. We notice here that a band can change its orbital character while dispersing in the Brillouin zone.
To get deeper insight into this problem, we need to consider other pieces of information, for instance, the asymmetry visible in p-pol ARPES images between positive and negative values of k (within the dipole approximation, spectra in s-pol are necessarily symmetric) and the k z dispersion of the bands. This is the aim of the following section.
V. k z DISPERSION AT LOW PHOTON ENERGIES
In this section, we present ARPES measurements performed along X on an x = 0.08 sample for 6 eV < hν < 13 eV. The reduced kinetic energy of the photoelectrons in this photon-energy range makes it possible to perform the measurements with a better wave-vector resolution and with increased bulk sensitivity, which is an important issue in the study of correlated materials. 30 Furthermore, tuning the photon energy makes it possible to obtain detailed information on the orbital character of the bands from their k z dependence. The k z is linked to the photon energy through the formula
where φ is the material work function and V 0 is an inner potential. 11 We used V 0 = 16.0 eV in order to match the k z dispersion, so that the maximum The MDCs corresponding to hν = 7, 9, 11, and 13 eV are shown in Fig. 4 for E − E F = −50 meV. We notice that the choice of a specific binding energy is not critical, and that any value in the range −150 meV < E − E F < 0 leads to the same conclusions as far as the presence or the absence of a band is concerned. The positions of the different bands were extracted by fitting the MDCs at different photon energies as shown in Fig. 3 , and their values for 6 eV < hν < 13 eV are presented in Fig. 5 .
For the sake of comparison, in the same figure we also present the band positions as extracted from the measurements at hν = 31 eV, which probe the same k z as 9-eV photons but with a much more pronounced surface sensitivity (the equivalence in k z of the two photon energies depends of course on the choice of V 0 = 16.0 eV and is consequently affected by some uncertainty). The reasonable agreement between the k measured at the two different photon energies suggests that no spurious effects related to surface states affect our conclusions. In some cases, structural modulations like the ones due to surface reconstructions modify the band structure, 31 but, in our case, the wave-vector position of the bands is essentially maintained when changing the surface sensitivity of our probe.
The fact that the ARPES intensity shows a different asymmetry in k around 9 eV with respect to the data at hν = 31 eV (comparing, for instance, the p-pol MDCs along only d orbital satisfying this condition [see Fig. 2(a) ], it must be present in β. At the same time, some hybridization with d x 2 −y 2 /d xz must be present to explain the asymmetry reversal in ARPES intensity between hν = 31 eV and around 9 eV. This origin for β is in good agreement with the enhanced k z dispersion presented by this band, as shown in Fig. 5 ; in fact, orbitals presenting their lobes out of the (x,y) plane are intrinsically more dispersive along the k z direction.
Along with this even character with a strong d z 2 presence, β presents also some hybridization with other odd orbitals, as visible from the marker's weight in Fig. 5 , while β is mainly even over the whole Brillouin zone (from 6 to 9 eV), it becomes markedly odd at 11 eV, which corresponds to k z =1 [4π/c]. The comparison between ARPES images and MDCs taken at hν = 9, 10, and 11 eV are given in Fig. 6 , unambiguously showing the change in symmetry of the outer band. This change of symmetry is due to a change of orbital character, from an even orbital (e.g., d z 2 and d x 2 −y 2 /d xz ) to an odd one (e.g., d xy /d yz ).
Let us now turn our attention to the inner bands α. In Fig. 6(c) , the arrows indicate the positions of α π and α σ extracted from the MDCs at hν = 9 eV. As one can see, a small but detectable difference in k can be observed. We interpret this difference as a splitting between the two inner bands, which has not been clearly reported so far. This can probably be explained by the higher experimental momentum resolution attainable with our measurements at very low photon energies; the splitting is indeed small, and remains difficult to precisely measure in other parts of the Brillouin zone. The overall behavior of the k z dispersion for α π , α σ , and β is summarized in Fig. 5 . Although splittings and dispersions are, in some cases, at the limits of detectability, we can nevertheless extract some useful information from the tendencies and the behaviors emerging from Fig. 5 .
The fact that α σ presents a k z dispersion is in favor of a d yz character for this band. α π also slightly disperses along X; however, as its intensity is much lower than the β band present in the same images, it is rather difficult to extract 
VI. DISCUSSION
In our analysis, we provided information on the orbital character of the holelike pockets along X and M directions. It should be pointed out that a band can change its symmetry while dispersing in the Brillouin zone, and also that the two light polarizations used in our experiments are not enough to pin down undoubtedly the character of each band. Nevertheless, thanks to our matrix element asymmetry calculations and to the observation of a more or less marked k z dispersion, we may deduce a probable orbital origin for each of the bands.
Some of our conclusions are in agreement with previous ARPES results, in particular, those presented in Ref. 13 , but several differences should be pointed out. The most evident one concerns the experimental data, since the β band is observed only very weakly along X in Ref. 13 . As far as the discussion is concerned, the claim that the two inner bands α, always present independently of the experimental configuration, are originated from d xz /d yz orbitals is in agreement with our conclusions. Conversely, our analysis and the k z dispersion we observed with our measurements at low photon energies (see Sec. V) are not compatible with the claim made in Ref. The results on the orbital character of the holelike bands of Ba(Fe 1−x Co x ) 2 As 2 , drawn from the data presented here and differing from previous studies, can be summarized as follows:
(1) A small splitting could be observed between the two α inner bands. The outermost one is α σ , which probably originates from d yz along X and It is worth pointing out that d z 2 is the dominating contribution to the outer band β, even though (so far) a d z 2 origin for one of the hole pockets rarely emerged from theoretical predictions. It is extremely interesting to notice that, in Ref. 8 , the outer band becomes of d z 2 character only after introducing electron correlations, and especially the Hund coupling, into their density-of-state calculations. Therefore, the marked d z 2 nature of one of the hole pockets represents a very sensitive probe to study the role of electron correlations in Ba(Fe 1−x Co x ) 2 As 2 . This aspect deserves further attention and should also be investigated in other iron pnictides such as, for instance, the 11 compounds where electron correlations give more pronounced effects than in the 122 family.
VII. CONCLUSION
In conclusion, the orbital character of the holelike pockets around has been clarified in Ba(Fe 1−x Co x ) 2 As 2 . We were able to offer evidence of the presence of several Fe 3d orbitals close to the Fermi level in these iron pnictides, elucidating the nature of their complex electronic structure. Thanks to a high experimental momentum resolution at low photon energy, we succeeded in disentangling the two inner α bands, often described as doubly degenerate. 
